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I.     INTRODUCTION 

A. Background 

During one of the meetings of the Blast Technology Subcommittee for the 
Revision of the Protective Structures Manual it was pointed out that there 
was a .Uta gap with regard to the effect of angle of Incidence on reflected 
impulse impinging on finite structures. The effect of angle of Incidence 
of the shock wave striking an infinite plane on peak reflected pressure and 
reflected impulse has been documented in many height of burst studios.  The 
latest of these was conducted In Canada and reported In References 2 and 
3. After a literature survey there appeared to be little information on 
the effect of angle of incidence on reflected Impulse loading of isolated 
structures. 

B. Objective 

The objective of this study is to determine experimentally the effect 
of angle of incidence of the shock front on the reflected impulse loading 
on an isolated structure.  The experiment was conducted with 1/50 scaled 
nonresponding models of a single structure. 

II.  TEST PROCEDURES 

ThLi  section will describe the procedure followed in conducting an 
experimental program to meet the stated objective, 

A. Design of Model 

The model was designed to represent a structure 15.24 metres wide by 
15.24 metres lonß by 22.86 metres high (50 ft x 50 ft x 75 ft). \  l/50th 
scale produced a model 0.305 ra x 0.305 m x 0.457 m (1 ft x 1 ft x 1.5 ft ) 
The model was constructed of a 2.54 cm thick steel plate. A sketch of the 
model is presented in Figure 1. The four upright walls were welded 
together with the top bolted on to allow access to the pressure gages. A 
reinforced concrete mount with an anchor bolt imbedded(as shown in Figure 
2) was iisrtil i> SHcure the model.  The pressure transducers were then 

Department of the Army,  the Navy, and the Air Force,  "Structures to 
Resist the Effects of Accidental Explosions,"June  1969, TM5-1300, 
NAVFAC P-397, AFM 88-22. 

R.E.  Reisler, B.  Pettit  and L.  Kennedy,  "Air Blast Data from Height of 
Burst Studies in Canada,   Vol I: HOB 5.4 to 71.9 Feet," BRL Report No. 
1950, December 1976  (AD B016Z44L). 

R.E. Reisler,   B.  Pettit   and L.  Kennedy,  "Air Blast Data from Height 
of Burst Studies in Canada, Vol.  II, HOB 4.5 to 144.5 Feet," BRL Report 
No.   1990, May  1977. 



Figure 1. The l/50th Scale Steel Structure Model 

Figure 2. Concrete Mount with Anchor Bolt 
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installed and the top plate was bolted in place. An exploded view of the 
model, mount, and pressure transducers is shown in Figure 3. The model was 
held in place by tightening the large nut down against the top plate. By 
loosening the nut, the model orientation could be changed for each test and 
then retightened. A total of eight models was constructed. The pressure 
transducers were placed on the center line of a front and side wall at a 
height of 0.152 m. The model was rotated to change the angle of incidence 
of the shock front with the model walls. 

B. Test Charges 

The test charges were cast Pentolite (50 PETN, 50 TNT). The shape was 
hemispherical and the point of detonation was at the center of the flat 
side which was placed on the ground surface. The full size charge yield 
selected for simulation was 125000 kilograms. Therefore, a 1/50 scale model 
would require (according to cube root scaling) a one-kilogram charge. One- 
kilogram cast Pentolite charges were used on all of the fifteen tests 
conducted. 

C. Test Instrumentation 

The instrumentation for this test series consisted of pressure 
transducers, magnetic tape recorder/playback, and a data reduction 
system. A block diagram is shown in Figure 4. 

1. Pressure Transducers. Piezoelectric pressure transducers were 
used for this series of tests.  The PCB Electronics Inc., Models 112A22, 
113A24, and 113A28, with quartz sensing elements and built-in source 
followers were used extensively. 

2. Tape Recorder System. The tape recorder consisted of three basic 
units, the power supply and voltage calibrator, the amplifiers, and the FM 
recorder. The FM tape recorder was a Honeywell 7600 having a frequency 
response of 80 kHz. Once the signal was recorded on the magnetic tape it 
was played back and recorded on a Honeywell Visicorder. This oscillograph 
has 5 kHz frequency response and the overpressure versus time recorded at 
the individual stations can be read directly from the playback records for 
preliminary data analysis. 

3. Data Reduction System. For the final data output, the tape signals 
were processed through an analog-to-digital converter, to a digital 
recorder-reproducer, and then to a computer. The computer (TEKTRONIX 4051) 
was programmed to apply the calibration values and present the data in the 
proper units for analysis. From the computer, the data is put on a digital 
tape from which the final form can be plotted or tabulated. The digital 
tape can be also stored for future analysis. 

D. Test Layout 

The test layout was planned to acquire the maximum amount of data for 
each test conducted. A total of eight peak overpressure levels was 
selected and therefore eight models were constructed. Twenty-one angles of 
incidence were selected with eleven bunched between 37.5 and 62.5 degrees 
in order to document the transition between regular reflection and Mach 
reflection. The test layout is shown in Figure 5. The peak overpressure 
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range of interest for this project «as from 345 kPa down to 6.89 kPa. The 
distances selected to meet the required pressure range were based on the 
standard TNT hemispherical surface burst curve.  The free-field incident 
peak overpressure was measured near each structure to provide the input 
blast parameters. Nomenclature used to identify the gage locations at each 
station is as follows:  Station 1 is the free-field gage, Station 1A is in 
the front of the model with orientation from 0 to 45 degrees, and Station B 
is in the side of the model with orientation from 90 to 45 degrees. On 
Test 1, Station A on all models was at an angle of 0 degrees or normal 
reflection while Station B on all models was at an angle of 90 degrees or a 
side-on measurement. The station locations, predicted peak overpressures, 
and impulses are listed in Table 1 for Test Number 1.  The locations of the 
free-field stations remained the same on all 15 tests. The radial    , 
distances for the Stations A and B changed on each shot. A photograph 
showing Structures 2 (foreground), 1, 4, and 6 for 0 degree and 90 degree 
orientation with a 1 kg charge in place is presented in Figure 6 • 

E. Test Matrix * 

Eight model structures were placed at the distances shown In Table 1 to 
receive the predicted input pressure and impulse.  After each test, each 
model was rotated the same number of degrees in order that the shock front 
would strike each set of structure walls at the same angles of incidence. 
The angle of incidence for Tests 1 - 12 is listed in Table 2. On Tests 
13, 14, and 15 the structure models were exposed at different angles and at 
different pressure levels. These exposures are listed in Table 3. 

F. Predictive Approach 

There are many references in which the enhancement of peak overpressure 
as a function of angle of incidence is reported. One of the more complete 
treatments is given in Reference 5. Normal reflection or head-on 
reflection can be predicted for the range of Incident overpressures of 
interest in these tests using the following equation: 

7 Po + 4 Ps \ 
r     s 

7 P + P 
o   s 

where PQ ■ Ambient atmospheric pressure, 
Pr - Normal reflected overpressure, and 
Pg - Side-on incident overpressure. 

This is valid where the ratio of specific heat (Y) for air is a constant 1.4, 
The equation is good only for predicting the reflected pressure when the 
models are in the 0-degree orientation, face-on. 

C.N. Kingery, "Air Blast Parameters versus Distance for Hemispherical 
Surface Bursts/' BRL   Report 2344, September 1966      (AD   811673). 

"Nuclear Weapons Blast Phenomena, Volume II3 Blast Wave Interaction ," 
DASA 1200-11, 1 December 1970 (Confidential RD). 
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A second source used for predicting the reflected pressure in the 
regular reflection region for different angles of incidence is Reference 6. 
This report Ls based on a theoretical treatment by J. Von Newman. It 
considers the shock wave reflecting on an infinite plane as in a height of 
burst study. The reference does not treat impulse. 

A newer source, Reference 7, treats both the enhancement of pressure in 
the regular reflection on rising slopes as well as the enhancement in the 
Mach reflection region on rising slopes. The reflected pressure versus 
incident pressure undergoing regular reflection for various rising slopes 
(Figure 12 from Reference 7) is presented as Figure 7. The reflected 
pressure versus incident pressure undergoing Mach reflection for various 
rising slopes (Figure 5 from Reference 7) is presented as Figure 8. 

\  family of curves from Reference 8 showing the reflection factor or 
pressure ratio Pr/P8 for »elected input pressures (P8) versus angle of 
incidence are presented in Figure 9. They were used in predicting the 
reflected pressure, ?r, expected to load the model.  These curves and the 
other predictive methods will be compared with the field measurements. 

III. RESULTS 

As mentioned in the introduction, the primary objective of this project 
is to determine the enhancement of overpressure impulse as a function of 
the angle of Incidence of the shock front striking an isolated structure. 
Presented in Section F of Test Procedures are predictive approaches for 
determining the peak reflected pressure, but there is a lack of Information 
on predicting the reflected impulse other than normal or head-on. 
Information that is available  is from various height of burst studies, 
where the reflection process is on an infinite plane. 

The results will be presented in the form of reflected pressure 
compared to side-on pressure or reflected pressure ratios (Pr/P8)» This 
comparison will also be done for Impulse where ratios of lr/ls will be 
developed for angle of incidence and a variety of side-on or free-field 
impulses. 

6     C.N. Kingery and B.F. Pannill, "Parametric Analysis of Regular 
Reflection of Air Blast/' BRL Report 1249, June 1964 (AD 444997). 

Kenneth Kaplan, "Effects of Terrain on Blast Prediction Methods and 
Prediction," BRL Contract Report ARBRL-CR-003SS, January 1978 (AD A0513S0). 

8     H. L. Brode,  "Height of Burst Effects at High Overpressures,"    The Rand 
Corporation,  RH-6Z01, DASA 2506, July  1970. 
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A. Slde-on Overpressure and Impulse Measurements 

In order to determine the pressure reflection and impulse reflection 
ratios, the side-on or incident overpressures and impulses must be 
established. Eight pressure transducers were placed at the distances and 
locations shown in Figure 5 to record the incident overpressure versus time 
of the blast wave. Records were obtained on each test and the incident 
peak overpressure and incident overpressure impulses are listed in Table 4 
for eich station. An average value from the fifteen tests was used to plot 
a peak overpressure versus distance for a 1 kg hemispherical Pentolite 
surface burst. Over ninety percent of the values of both pressure and 
impulse fell within a +5 percent of the average value established at each 
station. The average peak incident overpressure (Pg) versus horizontal 
distances are plotted in Figure 10. The solid lines in Figures 10 and 11 
were established fron data presented in Reference 9. The average incident 
impulses (Ig) versus horizontal distances from Table 4 are plotted in 
Figure 11. 

B. Reflected Peak Overpressure and Impulse versus Angle of Incidence 

The reflected peak overpressure versus angle of Incidence is a direct 
measurement: made on the front and side wall of the model.  The reflected 
impulse is obtained from the integration of the overpressure versus time 
recorded from Stations A and B located on the model. 

The reflected pressure recorded on Stations 1A and IB through 8A and 8B 
are plotted versus angle of incidence in Figure 12. The lines through the 
data points are visual fits and were used to establish the values of 
reflected pressure listed in Table 5. 

The reflected impulses versus angle of incidence recorded at Stations 
lA and IB through 8A and 8B are plotted in Figure 13.  The solid lines are 
visual fits of the data points and were used to determine the values of 
reflected impulse listed in Table 5. 

C. Reflected Pressure and Impulse Ratios versus Angle of Incidence 

Both the reflected pressure (Pr) and the reflected impulse (Ir) will be 
presented as a function of side-on pressure (Pg) and side-on Impulse (Is) 
In the form of ratios.  That is, Pr/Ps and Ir/Ig will be presented versus 
angle of Incidence. 

The reflected pressure ratios Pr/P8 were calculated for each angle of 
incidence at each station and are listed in Table 5. It was noted in the 
Test Layout Section that Station A and Station B are located at different 
radial distances (AR) but this AR becomes less as the model is rotated 
and AR « 0 at 45 degrees angle of incidence.  In Table 5 the side-on 

{Text continued on page 38) 

9     Charles Kingery and George Coulter, "TNT Equivalency of Pentolite 
Hemispheres," ARBRL-TR-02456s December 1982  (AD A123S40). 
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pressure (P8) for a 9 of 0 degrees is listed for Station A and the P8 for 
90 degrees is listed for Station B. The P8 for each radial distance 
from 9-0 degree through 6 - 90 degrees was calculated to insure that the 
correct P_ for each angle was used in determining the ratio Pr/P8- The 
values listed in Tahle 5 are plotted in Figures 14 and 15. 

The reflected impulse ratios listed in Tahle 5 are based on the 
reflected impulse curves plotted in Figure 13 and the side-on impulse 
listed in Table 4 adjusted for the R distance between Station A and B. 
The range of side-on impulses is listed for each station in Table 5. The 
values of reflected impulse Ir divided by the side-on impulse Ig listed in 
Table 5 are plotted in Figure 16. 

IV. DISCUSSION 

The data tables and plotted curves presented In the Results section 
show trends of the effects on reflected pressure and impulse, of the angle 
of incidence of the shock front striking an isolated structure. Some of 
these trends follow theory and predictions as presented in the Predictive 
Approach of the Test Procedures section while other results are different. 

A. Reflected Pressure in the Regular and Mach Reflection Regions 

The curve showing reflective pressure (Pr) as a function of incident 
pressure (P ) for all angles of incidence in the regular reflection region 
is shown in Figure 17. This curve is quite similar to the family of curves 
presented in Figure 7. Note In Figure 7 the slope angles are identified 
rather than the angle of incidence. The spread of data is indicated by the 
band at each station location. This means that when a particular station 
receives the same Incident pressure (P8) and as the model is rotated to 
change the angle of Incidence the reflected pressure (Pr) does not change 
greatly in the regular reflection region.  This is shown graphically in 
Figure 12. 

The family of curves presented in Figure 18 show a trend similar to 
that presented in Figure 8 for pressure enhancement in the Mach reflection 
region.  The quantitative values are higher in Figure 8 than measured 
experimentally in Figure 18. This difference is because the measured 
values from this series did not record the enhancement at the transition 
zone from the regular reflection region to the Mach reflection region as 
shown In Figure 9. The enhancement shown in Figure 9 is of very short 
duration and would have little effect on impulse in the blast wave. 

B. Reflected Impulse in the Regular and Mach Reflection Regions 

The reflected impulse versus incident impulse and angle of incidence is 
presented in Figure 13. A variation of this presentation is made in Figure 
19 where the data is plotted for reflected impulse Ir as a function of 
incident impulse (l8) in the regular reflection region. The two solid 
lines show the variation in reflected impulse measured on an isolated 
structure when the angle of incidence is in the regular reflection region. 
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Figure 17. Reflected Pressure versus Incident Pressure in the 
Regular Reflection Region. 
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Figure 18. Reflected Pressure (P ) versus Incident Pressure (P ) in the Mach 
Reflection Region as a Function of Angle of Incidence. 
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The dashed line presented in Figure 19 is to show the difference in the 
zero degree or head-on reflected impulse on an infinite plane and that 
recorded on a finite model. The lower values recorded on the model are 

because the arrival of the rarefaction waves from the sides of $he 
structure causes an increase in the rate of"decay öf"thereflection pressure 
which produces a lower reflected impulse. 

The reflected impulse recorded in the Mach reflection region is plotted 
in Figure 13 and presented in a different manner in Figure 20.  In this 
figure the enhancement of reflected impulse becomes less as the angle of 
incidence approaches 90 degrees, or side-on conditions. The vortex from 
the front corner of the structure causes a lowering of the overpressure 
during the passage of the blast wave and the reflected impulse becomes less 
than the side-on impulse at an angle of incidence of 90 degrees. This is 
also true at some of the values measured at an 80 degree angle of 
incidence. 

V. CONCLUSIONS 

The results presented in this report are based on one size structure 
and one charge mass. Therefore it cannot be applied in general to all size 
structures and all charge masses.  The model was 0.3048m x 0.3048m x 0.4572m 
exposed to a 1 kg charge mass. This means the results could be applied to 
structures where the size is increased by the cube root of the charge mass, 
for example, a 1000 kg charge mass and a 3.048 metre structure or a 125000 kg 
charge and a 15.24 metre structure or a 512000 kg charge mass and a 24.38 
metre structure 36.58 metres high.  Care would have to be exercised in applying 
the results to other combinations of charge mass and structure dimensions.  If 
a charge mass is held constant and the structure size increased, the reflected 
Impulse values in the regular reflection region would approach the infinite 
plane case. 
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